nanodroplet water imbibed in poly(2-hydroxyethyl-methacrylate) ( polyHEMA) near its glass transition at 162 K [the value given for a 34 wt % water sample (47, 48) ]. These dielectric relaxation times are also Arrhenius in character and faster than the relaxation responsible for the glass transition.
Age-depth relations from internal layering reveal a large region of rapid basal melting in Greenland. Melt is localized at the onset of rapid ice flow in the large ice stream that drains north off the summit dome and other areas in the northeast quadrant of the ice sheet. Locally, high melt rates indicate geothermal fluxes 15 to 30 times continental background. The southern limit of melt coincides with magnetic anomalies and topography that suggest a volcanic origin.
Basal melt and meltwater exert a strong influence on ice flow (1) (2) (3) (4) . Our limited knowledge of basal melt is derived from models and sparse observations of bed properties (5-
7).
Here we introduce a technique that allows us to determine the extent and rate of basal melting for a large portion of the Greenland Ice Sheet using data from airborne ice-penetrating radar, and we relate that melting to ice flow patterns in the interior. Radar soundings reveal internal layering (8) (9) (10) (11) largely due to changes in electrical conductivity from inhomogeneous impurity concentrations within the ice. The impurities (e.g., dust from volcanic eruptions) are introduced from the atmosphere, forming layers that represent constant time horizons across the ice sheet. Advances in radar sounders, satellite-based navigation, and the dating of the deep ice cores in central Greenland (12) (13) (14) have improved our ability to interpret the accumulation and flow histories recorded by this layering.
Fahnestock and others (15) have traced numerous internal layers along a single flight track flown by a NASA P-3 Aircraft carrying a University of Kansas ice-penetrating radar (9) and a NASA laser altimeter (16) . The flight passed over ice core sites in central Greenland so that layers could be dated and an age-versus-depth relation could be established. Through layer tracing, this relation is extended along the entire flight line. The long-term [ϳ8 thousand years (ky)] accumulation rate can be estimated by fitting a simple model of ice flow, which earlier studies used to determine the age-depth function for ice cores, to the data. Here this analysis is extended to additional flight lines and is modified to deal with anomalous layering patterns and age-depth relations that occur at several locations. Although the disturbances in internal layering appear complicated, they can be explained with a simple addition to the technique of Fahnestock and others that incorporates basal melting.
In a steady state ice sheet, the age-depth relation is determined by the balance between surface accumulation of snow and thinning of ice due to horizontal gradients in flow speed. Simple models that estimate vertical strain rates using surface accumulation estimates and ice thickness are used to provide provisional timescales for paleoclimate records in ice cores. Nye (17) proposed a model using a constant vertical strain rate to balance local accumulation. The vertical strain rate, ε Nye , is equal to the ice-equivalent accumulation rate, H , divided by ice thickness H [notation follows Dansgaard and Johnsen (18)]: ε Nye ϭ H /H. A constant strain rate with depth implies that the thinning is produced by gradients in sliding velocity at the bed, with a vertical column of ice remaining vertical through the deformation. Dansgaard and Johnsen (18) proposed a more complex model, based on a fit of two linear functions to variations in horizontal ice flow speed with depth, which produces better results in areas where the ice is frozen to the bed. In this model, the ice above a basal shearing section deforms in the same way as the Nye model (constant strain rate with depth) at a maximum strain rate ε ϭ ε D-J . In the shearing section (below a height h above the bed), the vertical strain rate drops off linearly to zero to accommodate the no-slip boundary condition: ε ϭ (z/h) ε D-J (0ՅzՅh, where z is the vertical coordinate measured upward from the bed). The models are equivalent when h ϭ 0 (basal sliding); the Dansgaard-Johnsen model with h Ͼ 0 produces a more rapid increase in ice age with depth near the surface than does the Nye model, resulting in older ice higher in the column (19) .
In ice-penetrating radar records from Greenland, there are areas where the Dansgaard-Johnsen and Nye models do not fit the age-depth relations from internal layer tracing. In these areas, a simple modification to the continuum represented by these models produces an acceptable fit. We modify the Fig. 1 . Accumulation rate for the interior of the Greenland Ice Sheet, derived from fitting internal layers younger than 9000 years, plotted over the surface topography of the ice sheet (39) . The accumulation rate is used to determine both the color and the size of the plotted filled circles. The data have not been smoothed. This long-term accumulation rate should be the best available for driving iceflow models that are attempting to simulate present conditions for this part of the ice sheet. Nye model to accommodate excess heat at the bed by allowing melting of basal ice (20) . The vertical strain rate in steady state will be less than ε Nye because the ice lost at the bed reduces the need to thin the ice by flow. The new vertical strain rate ε melt is equal to the difference between the surface accumulation rate and the basal melt rate (ṁ ) divided by the ice thickness (21)
In this model, an annual layer of ice will thin more slowly with depth than in either the Dansgaard-Johnsen or Nye models (22) . Because of melting, the predicted age of ice at the bed is no longer infinite, as is the case in the other approaches.
We have traced internal layers, dated at ice core sites, within and between flight lines over the dry snow zone of the Greenland Ice Sheet using methods previously described (15) . We performed inversions to determine best-fit accumulation rate and shear layer thickness for a DansgaardJohnsen age-depth model. This was accomplished with the use of a two-dimensional minimization of misfit between the function f ( H , h) and the dated layers in a radar profile with ages t i and depths d i (23) . The fits were performed using only layers younger than 9000 years, chosen to coincide with the most recent interval when accumulation in central Greenland was nearly constant (14, 24, 25) .
In areas where internal layering appeared disturbed, the minimization returned a negative value for h. This nonphysical result indicates that the thinning observed is slower than would be required to balance accumulation. In locations where the initial fit returned h Ͻ 0, the misfit for the Dansgaard-Johnsen model was recalculated with h ϭ 0 (basal sliding case) and the modified Nye model was constrained with a misfit function f ( H , ṁ ), providing estimates of accumulation rate and basal melt rate (26 ) . In all cases where the Dansgaard-Johnsen model initially indicated h Ͻ 0, the modified Nye model yielded an improved fit to the observed age-depth pairs.
The pattern of ϳ8 ky average accumulation rate (Fig. 1 ) determined from this set of techniques shows large gradients across flow divides, indicating that orographic controls on precipitation are strong. Movement of air masses up from the west leads to high accumulation along this coast, whereas the descent of these air masses just past the ice divide limits accumulation in the northeast quadrant of the ice sheet. The spatial coherence of the accumulation signal demonstrates the effectiveness of the techniques we have used (27) .
A map of basal melt rate along the same flight tracks (Fig. 2) shows no melt in many areas (thin black lines) and very high rates of melting on the northern flank of the summit dome. The high melt rates coincide with the disturbed topography (Fig. 2 ) associated with rapid flow that begins in this region (28, 29) . Much of the low-accumulation northeastern quadrant of the ice sheet shows more limited melting at the bed. This is consistent with theory because the temperature gradient in the basal ice is lower in low-accumulation regions due to lowered rates of downward advection of cold ice, allowing the bed to be warmed to the melting point by geothermal heat (30) . Disturbance to internal layering caused by basal melting is visible in individual radar profiles (Fig. 3) . The radar data re-mapped onto an age axis (Fig. 3) show the success of the model fits and the self-similarity of the layering along flight. The thinning rate experienced by the upper layers is higher than would be produced by sliding on the left end of the profile, but in the right half of the figure there are areas where the basal melt rate approaches the surface accumulation rate and the thinning rate approaches zero. Flow in these areas produces no net thinning of the ice, which is lost only to melting. The shear layer thickness h drops off as melt areas are approached. Low values of h are observed to coincide with visible disturbance of internal layers near the bed; the disturbance becomes more pronounced and affects layers farther up in the column as melt (and sliding) begins.
A basal melt rate of 0.1 m/a over a substantial area requires a regional geothermal heat flux of 970 mW m Ϫ2 , which is 17 times higher than the continental background of 56.5 mW m Ϫ2 (31). This does not account for heat conducted through the ice. For most of the ice sheet, the heat conducted through the ice is close to the background geothermal heat flux. It can be lower in low-accumulation regions because the thermal gradient in the basal ice is lower. The volume of meltwater being produced in the areas of high basal melt is of the order of one cubic kilometer per year. This water and warm basal ice are responsible for the onset of rapid ice flow in the large ice stream that drains the north side of the summit dome. The locations of Fig. 3 . Northwest ridge radar profiles, and the same data mapped versus a "standard" age-depth function using the derived age-depth function at each profile. The horizontal character of the layers mapped by age shows the effectiveness of the layer tracing and model fits; the self-similarity of the layer patterns along the radar profiles displayed in this manner demonstrates their isochronous nature. The quantities plotted include the derived basal melt rate, ice thickness H and shear layer thickness h, misfit function values for both the Dansgaard-Johnsen and Nye-with-melt models, and the thinning rate factor f . rapid basal melting correspond well with the onset of rapid ice flow (Fig. 2) . The contoured ice flow speeds are measured using interferometric techniques (28) . Comparison of maps of basal melt rate and topography suggests that the ice stream has its origins directly under the ice divide, at the break in slope along the northwest ridge. This break in slope, with no corresponding change in bed topography, can now be interpreted as the place where extending ice flow along the ridge slows down as thinning rates drop in response to rapid basal melting. The initial sliding of the ice over its bed occurs in this area. The "southern tributary" (marked "A" in Fig. 2 ) discussed by Joughin and others (28) and Fahnestock and others (29) has its origins in basal melting as well. In addition, the step-out of the northwestern margin of the ice stream at the start of the wedge-shaped section is related to an increase in basal melt rate (location "B" in Fig. 2) .
The region of rapid basal melting corresponds closely (Fig. 4) with a low in the free-air gravity measured as part of the Greenland Aerogeophysics Program (GAP) (32) (33) (34) . At the southern limit of rapid basal melt, there is a gravity high, a local strong normally magnetized area (32) , and a coincident topographic edifice in the bed ("M" in Fig. 4 ). Radio-echo sounding reveals a 1000-m topographic high that shows a dramatic increase in bed roughness, suggesting it has undergone less erosion and may be younger than the surrounding bed. We cannot be certain of the presence of volcanic features; however, the mass deficit in the gravity and the corresponding area of high conductive heat flux are comparable in magnitude and spatial extent to the Yellowstone caldera (35) , and the localized peaks in gravity and rough-surfaced bed topography suggest local extrusive structures.
We use models that assume a local steady state, implying that the ice at a point is neither thickening nor thinning and that the accumulation rate and basal melt rate are constant over the interval considered. Before the last 9000 years, accumulation rates were substantially lower (14, 24, 25) . The ice sheet thickness should respond to the increase with a characteristic time of the order of several millennia (30) , thickening rapidly at first in response to the increase in accumulation rate, but then more slowly as the ice flow adjusted (36) .
Present measurements of thickening and thinning in the high interior of the ice sheet indicate stability at the few-centimeter-peryear level (16, 37, 38) . Perhaps more important is the fact that these measurements do not show large gradients in thickness changes on the 100-km scale of our determinations of basal melting. Rather, they show only longer wavelength variations of small amplitude. This suggests the present ice sheet is close to being in balance with the patterns of basal melting that we present here.
We assume that the basal melt rate is constant over the interval considered. We do not include the possibility that some of the heating is a more recent phenomenon. If the melt was initiated only a few hundred years ago, the initial age-depth relation would have reflected a more rapid thinning rate based on the Dansgaard-Johnsen model. It would be this age-depth relation that would be the starting point for the slower thinning under a Nye-with-melt regime. This would result in a best-fit solution that would under-predict the actual melt rate.
Within these limits, we have identified rapid and extensive basal melting in Greenland that has a direct effect on ice flow. The source of the high heat flow is not well constrained, but limited geophysical evidence suggests the presence of a caldera structure. Redistribution of mass over Earth's surface generates changes in gravitational and surface forces that produce a stress response in the solid Earth, accompanied by characteristic patterns of surface deformation (1-3). Here, we search for global deformation resulting from Earth's elastic response to a change in the "load moment" (a dipole moment), defined as the load center of mass vector multiplied by the load mass. This predicted degree-one spherical harmonic mode (1, 4) has unique characteristics that distinguish it from tidal deformation. Our calculations predict that the known seasonal exchange of water and air between the Northern and Southern hemispheres (5-7) is of sufficient magnitude to force such a mode with annual period at the several-millimeter level, which ought to be detectable by modern geodetic techniques. Monitoring this mode should enable global characterization of the hydrological cycle through direct inversion of geodetic data, and enable determination of mechanical properties of Earth on the global scale.
Previous investigations in space-based geodesy have detected displacements of surface height at the 10-mm level in response to variation in atmospheric pressure (8) and large-scale terrestrial water storage (9) . Such results show statistically significant correlation between observed site position variations and model predictions. Although promising, the residual discrepancies between data and models remain at least as large as the predicted signal. Apart from current uncertainties in modeling groundwater storage, another limitation is the level of noise in globally referenced site position data (9) . We mitigate these problems by seeking a deformation mode with a theoretical functional form (allowing for inversion) and large-scale spatiotemporal coherence (enhancing the signal-tonoise ratio).
The change in Earth's shape due to the gravitational and pressure stresses of surface loading is theoretically characterized by spherical harmonic potential perturbations and load Love numbers (2) . Load Love number theory is fundamental to the Green's function approach to loading models (1), which has facilitated numerical computation of Earth deformation due to arbitrary load distributions (3) . Unlike tidal theory, loading theory includes a degree-one deformation generated by movement of the load center of mass with respect to the solid Earth center of mass (1, 4, 10) .
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